Fibrocytes are monocyte-derived cells that have features of both macrophages and fibroblasts. Although their biology has come under study only recently, the existence of a fibrocyte-like cell population was first proposed more than 150 years ago 1 . However, it was not until 1994 that the term 'fibrocyte' was first used to describe a circulating monocyte-derived cell that is capable of expressing a fibroblastic phenotype 2 . Fibrocytes were described as being unique in their co-expression of haematopoietic and progenitor cell markers (CD45 and CD34, respectively), together with the production of extracellular matrix (ECM) proteins. These cells were observed to adopt a spindle shape when adherent and were identified in wound exudates. Subsequent studies have greatly expanded our knowledge of the markers and functions attributed to this cell population [3] [4] [5] . Although these cells comprise only a small fraction of circulating leukocytes in normal humans, increased numbers of fibrocytes are present in human pathologies that are characterized by both chronic macrophage-driven inflammation and persistent fibroblast activation. Such disorders include pulmonary parenchymal and airway disease [6] [7] [8] . The functional relationship between fibrocytes and the related effector cell populations of macrophages and fibroblasts has not yet been fully explored. This question is important because the potential for overlap in the identification and function of these different cells and a lack of understanding of the subtle differences between them might impede a full understanding of the role of fibrocytes in chronic inflammation. To explore this issue, a basic understanding of macrophages and fibroblasts in the context of chronic inflammation is required.
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However, it was not until 1994 that the term 'fibrocyte' was first used to describe a circulating monocyte-derived cell that is capable of expressing a fibroblastic phenotype 2 . Fibrocytes were described as being unique in their co-expression of haematopoietic and progenitor cell markers (CD45 and CD34, respectively), together with the production of extracellular matrix (ECM) proteins. These cells were observed to adopt a spindle shape when adherent and were identified in wound exudates. Subsequent studies have greatly expanded our knowledge of the markers and functions attributed to this cell population [3] [4] [5] . Although these cells comprise only a small fraction of circulating leukocytes in normal humans, increased numbers of fibrocytes are present in human pathologies that are characterized by both chronic macrophage-driven inflammation and persistent fibroblast activation. Such disorders include pulmonary parenchymal and airway disease [6] [7] [8] , nephrogenic systemic fibrosis 9 , cardiovascular disease 10 , pulmonary hypertension 11 , autoimmune disorders 12, 13 and even normal ageing 12 . Furthermore, animal modelling implicates fibrocytes in the development of tissue fibrosis -the formation of excessive fibrous connective tissue that disrupts normal tissue function, a process in which fibroblasts (and their activated counterparts, myofibroblasts) have historically been considered the central cell type involved -including fibrosis involving the kidney 14 , liver 15 , heart 16 and lungs 17 . The functional relationship between fibrocytes and the related effector cell populations of macrophages and fibroblasts has not yet been fully explored. This question is important because the potential for overlap in the identification and function of these different cells and a lack of understanding of the subtle differences between them might impede a full understanding of the role of fibrocytes in chronic inflammation. To explore this issue, a basic understanding of macrophages and fibroblasts in the context of chronic inflammation is required.
A paradigm has emerged suggesting that macrophage-driven inflammation contributes to both tissue injury and repair 18, 19 . In this model, 'classically activated' macrophages promote tissue injury through their secretion of pro-inflammatory mediators and reactive oxygen species (ROS), whereas 'alternatively activated' macrophages dampen inflammation and promote wound healing, in part through the recruitment and activation of fibroblasts 19 . Fibroblasts have organ-specific functions in promoting tissue homeostasis, including ECM and cytokine production 20 . In addition, in some settings fibroblasts express α-smooth muscle actin (αSMA) and have wound contractile and repair properties; these cells are known as activated myofibroblasts and are traditionally considered to be the ultimate effector cells in diverse forms of tissue remodelling 20 
(FIG. 1).
The discovery of fibrocytes adds to this paradigm by suggesting that, rather than resulting solely from two discrete populations (macrophages and fibroblasts) acting together, tissue repair and remodelling might also be influenced by a highly plastic cell population of fibrocytes (FIG. 1) , with the ability to adopt the phenotype of macro phages or fibroblasts. To better understand the validity of this hypothesis, and to highlight the potential role of fibrocytes in human pathology, this Opinion article compares fibrocyte biology with that of macrophages and fibroblasts in chronic inflammatory settings. The utility of various approaches that are used to distinguish fibrocytes from macrophages and fibroblasts is presented, together with a discussion of the pathways that control fibrocyte accumulation and function in the normal host. The proposed role of fibrocytes is then compared with that of macrophages and/or fibroblasts in three common chronic inflammatory diseases: autoimmunity, cardiovascular disease and asthma. Other important areas of interest such as renal fibrosis and wound healing will not be covered in this brief Opinion article. We conclude with perspectives and suggestions of areas for future study in this new field.
Identification of fibrocytes
For several years, the minimum criteria for identifying fibrocytes in culture, tissue sections or the circulation were collagen production together with the expression of CD34 and/or CD45. However, this approach might be insufficient in some settings owing to the overlap in expression of these markers α α by fibrocytes, macrophages and fibroblasts 5 . Thus, additional assessments, including cell surface marker expression, morphology and ECM production might be required to accurately identify fibrocytes in their biological context. Specific factors that distinguish fibrocytes from macrophages and fibroblasts are detailed below and in However, compared with fibroblasts, fibrocytes have increased production of collagen V and lower levels of collagens I, III and IV. Similarly, the glycosaminoglycan profile of fibrocytes is distinct from that of fibroblasts, and is characterized by high-level expression of perlecan, versican and hyaluronan and low levels of biglycan and decorin 24 . This cell surface marker profile of fibrocytes would be expected to promote both basement membrane regrowth and inflammatory cell recruitment, rather than ongoing homeostatic effects, and is consistent with the proposed role of fibrocytes in repair.
Cell morphology. The co-expression of collagen and CD45 and/or CD34 accurately identifies fibrocytes in the peripheral blood (which contains neither mature macrophages nor fibroblasts) 25 . However, overlap in marker expression by these cell populations could result in the misclassification of fibrocytes in studies of cultured cells and tissue 5 . In this setting, morphological assessment becomes useful. Whereas macrophages and fibrocytes express similar inflammatory markers, both in vitro and in vivo, the spindle-shaped morphology adopted by adherent fibrocytes distinguishes them from macrophages, which are more spherical 5 . Similarly, whereas fibroblasts are also spindle shaped, they lack the haematopoietic cell and inflammatory markers that are expressed by fibrocytes. Thus, as shown in TABLE 1, the combination of a spindle-shaped adherent morphology, expression of CD45 (and/or CD34) and collagen production is sufficient for the identification of cultured or resident fibrocytes. FIGURE 2 shows representative electron micrograph and confocal microscopy images of tissue and circulating fibrocytes.
Fibrocyte origin and differentiation
Because fibrocyte outgrowth from peripheral blood mononuclear cells in vitro is enhanced by enriching for CD14 + cells, it is assumed that a subpopulation of monocytes gives rise to these cells. In this setting, the development of fibrocytes is regulated by signalling through the Fcγ receptor (FcγR) 26 and is augmented by enriching monocytes for expression of pro-inflammatory markers such as CD11b, CD115 and GR1 (REF. 14) . Fibrocytes can be isolated in vitro under serum-free or serum-containing conditions, although the presence of serum (such as might be suggest that in response to injurious stimuli, classically activated macrophages infiltrate diseased organs and mediate a programme of acute inflammation. As injury ceases and repair begins, the macrophage phenotype shifts towards that of alternative activation to dampen inflammation and promote repair. These macrophages stimulate resident fibroblasts to adopt an activated effector state characterized by the expression of α-smooth muscle actin (αSMA) and enhanced extracellular matrix (ECM) production. In the setting of severe or persistent injury, or a profibrotic milieu, this response shifts towards excessive remodelling and fibrosis. b | This model of many cells acting together is contradicted by the finding that fibrocytes have properties of both macrophages and fibroblasts. Thus, an alternative model of repair is proposed in which fibrocytes traffic to injured organs, where they participate in the inflammatory events that are also attributed to macrophages. As damage subsides, fibrocytes respond to local cues to downregulate their inflammatory responses and adopt a fibroblastic phenotype to promote repair and, in some pathological conditions, remodelling and fibrosis.
encountered during in vivo injury) produces a more pro-inflammatory phenotype 27 . In vitro fibrocyte differentiation is augmented by fibrogenic cytokines such as interleukin-4 (IL-4) and IL-13, and is inhibited by inflammatory cytokines, such as interferon-γ (IFNγ), tumour necrosis factor (TNF) and IL-12 (REF. 28 ), and by innate immune stimulation with Toll-like receptor 2 (TLR2) agonists 29 and serum amyloid P (SAP) 30 . The appearance of fibrocytes both in vivo and in vitro is markedly induced by exposure to transforming growth factor-β1 (TGFβ1) and endothelin 1 (ET1) 23, 31 . In this setting, the profibrotic protein semaphorin 7A (also known as CD108), produced by either monocytes or lymphocytes (or some combination thereof), promotes the monocyte to fibrocyte transition in a β1 integrin-dependent manner 32 . In vitro studies indicate that the intracellular signalling pathways implicated in murine fibrocyte differentiation include extracellular signal-regulated kinase (ERK) 11 , mammalian target of rapamycin (mTOR)-phosphoinositide 3-kinase (PI3K) 33 , RHOassociated protein kinase 1 (ROCK1) 34 and the angiotensin 2 receptor 35 . When viewed in combination, these data indicate that fibrocyte differentiation in both culture and disease models decreases under conditions that perpetuate inflammation and tissue injury and increases under conditions that promote wound healing and tissue remodelling.
Mature macrophages also arise from CD14 + monocytic progenitor cells and assume their final phenotype in response to local cues, such as granulocyte-macrophage colony-stimulating factor (GM-CSF) and T helper 1 (T H 1) or T H 2 cell cytokines, which result in classical (pro-inflammatory) or alternatively activated (repair) characteristics, respectively. Monocytes and macrophages can also adopt certain characteristics of non-haematopoietic cells, such as intestinal epithelial cells, although this plasticity seems to be related to fusion events followed by nuclear reprogramming 36 . Macrophages are not known to differentiate into mature fibroblasts.
By contrast, mature fibroblasts originate mainly from post-embryonic tissue precursors 20 , but can also arise through epithelialmesenchymal transition (as is seen in the kidney 37 ) or endothelial-mesenchymal transition (as is seen in the lungs 38 ), or from circulating progenitor cells, including mesenchymal stem cells 39 and fibrocytes 7 . Fibroblasts have remarkable plasticity in in vitro studies, demonstrating their ability to be reprogrammed into haematopoietic stem cells with multilineage potential 40 , although (FIG. 3) . This notion would require that fibroblasts and/or macrophages have sufficient in vivo plasticity to dedifferentiate and re-enter the circulation from inflamed and diseased organs. However, as there is currently no evidence in support of this phenomenon and the haematopoietic origin of circulating and tissue fibrocytes has been confirmed in several murine studies 15, 41 , it is most likely that fibrocytes are a discrete population of reparative cells. Careful lineage-tracing approaches will be required to confirm the monocytic origin of fibrocytes in the setting of different chronic inflammatory stimuli. A comparison of the differentiation pathways that distinguish fibrocytes from macrophages and fibroblasts is shown in FIG. 3 .
Fibrocyte functions in the normal host During the early phases of the response to tissue injury or invasion, fibrocytes are involved in the inflammatory process. In response to IL-1β, T H 1 cell cytokines and/or viral infection, cultured human and porcine fibrocytes downregulate collagen expression 4, 22, 42 and increase production of IL-6 (REFS 4,22), IL-8, CC-chemokine ligand 3 (CCL3) and CCL4 (REF. 4 ), which would promote inflammatory cell recruitment. In addition, the fibrocytes increase cell surface expression of leukocyte adhesion molecules, such as intercellular adhesion molecule 1 (ICAM1) 4 , which would increase leukocyte trafficking. When cultured in the presence of serum, as might occur in acute injury, fibrocytes have a macrophage-like inflammatory gene programme characterized by the expression of genes encoding chemokine receptors, cytokines and molecules involved in antigen presentation and lipid metabolism 27 . In porcine models, exposure to innate immune stimulation in the form of TLR agonists increases fibrocyte expression of MHC class I and II molecules and the co-stimulatory proteins CD80 and CD86, which enables fibrocytes to function as antigen-presenting cells for the activation of cytotoxic CD8 + T cells 42 . However, fibrocytes also respond to IL-1β by increasing IL-10 production 4 , which could dampen inflammation and begin the transition to repair and remodelling. Similarly, fibrocytes respond to the presence of apoptotic cells by increasing collagen production 43 , which is required during repair. Fibrocytes have other reparative functions such as the contraction of ex vivo wound chambers 2 , although the finding that fibrocytes constitute only a small proportion of αSMA + cells in animal models of fibrosis 15, 41 indicates that in this setting the contribution of fibrocytes might be dominated by immunomodulation rather than by direct differentiation to an activated collagen-producing phenotype. Thus, it is important to note that fibrocytes secrete paracrine factors such as plateletderived growth factor (PDGF) and TGFβ1 that induce the differentiation of fibroblasts to myofibroblasts in culture 44 . Fibrocytes secrete high levels of matrix metalloproteinases (MMPs) 45 , vascular endothelial growth factor (VEGF), PDGF subunit A, hepatocyte growth factor (HGF), GM-CSF, basic fibroblast growth factor (bFGF), IL-8 and IL-1β, which might contribute to their ability to promote neoangiogenesis in ex vivo models 46 . Fibrocytes might also influence leukocyte trafficking through the expression of semaphorin 7A 32 , which activates macrophages 47 and dendritic cells (DCs) 48 and dampens T cell responses 49 . Normal human fibrocytes secrete chitinase-3-like protein 1 (also known as YKL40 in humans and BRP39 in mice) (E.L.H. and X. Peng, unpublished data). This protein is known to regulate allergic responses, in part through modulation of DC recruitment and alternative macrophage activation 50 , and functions as a biomarker of inflammatory diseases, including rheumatoid arthritis, cardiovascular disease and asthma 51 . In addition, fibrocytes have been identified in human malignancies 52, 53 , and fibrocyte-like cells promote tumour meta stasis in rodent models through the suppression of IFNγ and TNF production 54 (by an unknown mechanism), as well as through overexpression of MMP9 (REF. 55 ).
These data indicate that fibrocytes can respond to injurious and inflammatory stimuli by adopting the functional characteristics of both classically and alternatively activated macrophages, as well as of fibro blasts. Whether the inflammatory or reparative fibrocyte phenotype dominates probably depends on local factors.
Fibrocytes in chronic inflammation
Increased numbers of local and/or circulating fibrocytes have been identified in diseases characterized by chronic T H 1 and T H 2 cell-mediated inflammatory responses (autoimmunity), T H 1 cell-dominant responses (cardiovascular disease) or T H 2 cell-dominant responses (asthma). However, most recent studies of fibrocytes have focused on describing their associations with various inflammatory conditions, so their effector contributions to inflammatory pathologies remain unknown. In order to highlight areas for future study, the potential role of fibrocytes in these disorders compared with the roles of macrophages and fibroblasts is presented below. 59 and lung macrophages 60 from patients with scleroderma have increased secretion of T H 2 cell-related cytokines and chemokines, such as TGFβ1, IL-1 receptor antagonist (IL-1RA) and CCL18, which is indicative of an alternatively activated phenotype. Although it is not yet known whether these factors reflect or promote disease, alternatively activated macrophages have been shown to stimulate myofibroblast transformation and fibrosis in several murine models 31, 61 . Flow cytometric analysis of circulating 12 or cultured monocytes 32, 43 shows increased numbers of fibrocytes in patients with scleroderma-related interstitial lung disease. As in other forms of lung fibrosis 6 , the number of these cells is greatest in patients with progressive disease, demonstrating a biological relationship between fibrocytes and disease activity (S. Mathai, R.A.R. and E.L.H., unpublished data). The presence of these cells is accompanied by increased concentrations of T H 1 cell cytokines (such as TNF) and T H 2 cell cytokines and chemokines (such as IL-13 and CCL2), although whether fibrocytes produce these soluble factors or are present as a result of them is not known 12 . Furthermore, the presence of circulating fibrocytes is accompanied by that of CD14 + monocytes that are skewed towards alternative activation, as characterized by increased expression of the scavenger receptor CD163 and enhanced secretion of CCL18 in response to in vitro stimulation with TLR4 agonists 12 . In these studies, the appearance of fibrocytes correlated very closely with increases in total lymphocyte counts, and later analysis found that CD19 + cells (which have been implicated in the regulation of fibrotic responses in murine studies 62 ) accounted for the increased number of lymphocytes 32 . Fibrocytes from these patients also expressed semaphorin 7A 32 , which could negatively regulate T cell responses and promote DC activation [47] [48] [49] . Functional analysis of the relationship between macrophages, fibrocytes and fibroblasts was provided by animal modelling showing that lung fibroblasts fail to adopt a myofibroblast phenotype in response to TGFβ1 in the absence of macrophages and/or fibrocytes 32, 43 ; this indicates that fibrocytes, macrophages and fibroblasts are distinct populations with separate but undefined effects on the development of fibrosis and tissue remodelling in the lungs. A functional relationship between fibrocytes and lymphocytes has not been explored in this disease but is also an important area for future investigation.
Further support for a role for fibrocytes in autoimmunity stems from the recent finding of increased fibrocyte numbers in individuals with Graves' disease, an autoimmune thyroid disorder characterized by + precursor found within the circulating monocyte pool. The differentiation of macrophages is stimulated by granulocyte-macrophage colonystimulating factor (GM-CSF), Toll-like receptor (TLR) activation and phagocytosis, T helper 1 (T H 1) cell cytokines and transendothelial migration from the blood to tissues. By contrast, the monocyte to fibrocyte transition is augmented by exposure to T H 2 cell cytokines, transforming growth factor-β1 (TGFβ1), semaphorin 7A and apoptotic cells. Further stimulation with TGFβ1 and/or endothelin 1 (ET1) can induce fibrocytes to express α-smooth muscle actin and transition to fibroblast-like effector cells. Importantly, fibroblasts are classically considered to arise from organ-specific post-embryonic mesenchymal cells, although under certain pathological conditions there might be a small contribution by epithelial cells, endothelial cells and/or circulating progenitor cells (such as mesenchymal stem cells (MSCs) and fibrocytes). Fibroblasts have remarkable phenotypical plasticity in their ability to be reprogrammed into haematopoetic stem cells and redifferentiated down the myeloid pathway in vitro, under the control of OCT4 and haematopoietic growth factors. So far, bidirectional differentiation between mature macrophages and fibroblasts has not been shown in vivo. Thus, it is most likely that, rather than acting as an intermediate population between fibroblasts and macrophages, fibrocytes are a unique cell type with properties of both macrophages and fibroblasts. persistent inflammation, lipogenesis and fibrosis that is mediated by orbital fibroblasts in the retro-orbital space (thyroid-associated ophthalmopathy) 63 . The role of macrophages in this process remains relatively unexplored. A novel role for fibrocytes in the pathogenesis of this disorder was recently suggested by a study in which fibrocyte precursors (that were identified by coexpression of CD34, CXC-chemokine receptor 4 (CXCR4), CD11b and collagen I) were found with increased frequency in the blood and ocular lesions of patients with thyroidassociated ophthalmopathy compared with the numbers in normal controls. These cells were similar to orbital fibroblasts in that they expressed the thyroid-stimulating hormone (TSH) receptor, which is a potential target of autoimmunity in this disease, and high levels of the insulin-like growth factor 1 (IGF1) receptor. The fibrocytes also expressed high levels of CD90 (also known as THY1), a marker that in some studies identifies fibroblasts with increased inflammatory capacity 64, 65 . Stimulation of the fibrocytes with TSH led to high-level secretion of proinflammatory cytokines such as TNF and IL-6, which could promote disease pathogenesis. Thus, the contribution of fibrocytes to Graves' disease seems to be similar to that of both fibroblasts and macrophages, in terms of their ECM-producing and pro-inflammatory properties, respectively.
Fibrocytes are also associated with the development of rheumatoid arthritis, an autoimmune polyarthritis characterized by inflammatory infiltration of the joints and proliferative activation of fibroblast-like synovial cells 66 . Although they are not found with increased frequency in the blood of patients with rheumatoid arthritis, fibrocytes from these patients do have a state of enhanced activation, characterized by the phosphorylation of components of the mitogen-activated protein kinase (MAPK) signalling cascade and of signal transducer and activator of transcription 3 (STAT3) and STAT5 (REF. 13 ). This activation profile would be expected to augment secretion of the pro-inflammatory cytokines TNF, IL-1 and IL-6 and is remarkably similar to that of activated fibroblast-like synovial cells. This study did not include a direct assessment of the ability of fibrocytes to execute the activities of fibroblast-like synovial cells, such as the synthesis and secretion of pro-inflammatory mediators and MMPs. However, a role for fibrocytes in the inflammatory pathogenesis of chronic synovitis is supported by studies documenting the appearance of activated fibrocytes before the development of arthropathy in the collagen-induced arthritis murine model of rheumatoid arthritis 13 . Macrophages are also centrally involved in rheumatoid arthritis owing to their production of pro-inflammatory mediators (such as TNF, IL-1β, IL-6 and IL-8) and their roles in phagocytosis, immune complex clearance, antigen presentation and cartilage destruction 67 . However, these functions of fibrocytes were not tested in this study, thus limiting comparison of these populations.
Given the profound immune dysregulation that occurs in autoimmunity, it is probable that the contribution of fibrocytes to these disorders includes both ECM production and immunomodulation. A better understanding of how fibrocytes interact with other cell types such as lymphocytes, macrophages and fibroblasts, as well as the assessment of fibrocyte functions such as antigen presentation, cytokine production and angiogenesis, might provide new insight into these diseases.
Cardiovascular disease. The development of cardiovascular disease follows a paradigm of macrophage-driven inflammatory changes in blood vessels that ultimately result in the formation of an atherosclerotic plaque (also known as an atheroma) -an accumulation of lipid, inflammatory cells and connective tissue in the arterial vessel wall that results in stenosis of the vessel. When these changes occur in the coronary arteries, myocardial infarction and fibrosis can occur. Fibrocytes are implicated in the development of both vascular plaques and myocardial fibrosis, although their precise contributions to disease pathology may vary.
The driving force in atherosclerosis is provided by classically activated macrophages, which initiate plaque formation early during the course of disease. These macrophages respond to IFNγ and oxidized low-density lipoprotein by transitioning into 'foam cells' (which produce pro-inflammatory cytokines, ROS and MMPs) and by enhancing cholesterol uptake 68 , perhaps in response to defective phagocytic clearance of apoptotic cells (a process known as efferocytosis) 69 . Late in the course of disease, alternatively activated macrophages might have protective effects characterized by the production of IL-10 and arginase, as well as by enhanced cholesterol efflux 68, 70 . These effects are augmented by fibroblasts, which respond to TGFβ1 that is produced locally by a wide variety of cells (including foam cells and endothelial cells) to form a fibrous cap over the top of the atheroma to prevent rupture and potentially fatal vascular occlusion.
Fibrocytes have been identified in the fibrous caps of human atheromas 10 and in several animal models of peripheral vascular disease 71, 72 . In humans, fibrocytes colocalize with lesional TGFβ1 (which would be expected to promote protective responses 10 ) but not with regions associated with the efferocytosis of apoptotic cells (which would be expected to promote classical macrophage activation and thereby contribute to disease). A recent study found that the overexpression of TGFβ1 in apolipoprotein E (Apoe)-null mice (a model of human atherosclerosis) resulted in increased fibrocyte accumulation in atherosclerotic plaques, suggesting that fibrocytes mediate TGFβ1-induced events in this model 71 . Further studies in Apoe-null mice indicate that fibrocytes do not adopt the fully differentiated phenotype of either macrophages or fibroblasts in atherosclerotic plaques but remain relatively undifferentiated, as evidenced by their persistent expression of CD45 and collagen Iα 72, 73 . This might reflect the fact that fibrocytes are unable to form a discrete effector population given the ongoing injury and impeded repair seen in this disease.
Atherosclerosis affecting the coronary arteries frequently results in injury to and fibrosis of cardiac tissue. In this setting, ischaemic cell death leads to the recruitment of classically activated macrophages that perpetuate tissue injury, in part through expression of TNF 74 . As the injury phase concludes and healing begins, the alternatively activated macrophage phenotype (characterized by TGFβ1, IL-10 and CD206 expression) dominates, and during this stage cardiac fibroblasts adopt ECM-producing and tissue-remodelling properties 74, 75 . Ischaemic injury also causes these fibroblasts to secrete pro-inflammatory cytokines 76 , MMPs and tissue inhibitors of metalloproteinases (TIMPs) 77 , which would be expected to limit the extent of injury, as well as pro-angiogenic substances such as FGFs and VEGF 78 . In the setting of profound initial injury or persistent damage, or in the presence of profibrotic inflammatory stimuli, cardiac fibrosis and remodelling ensue.
Fibrocytes could contribute to this pathology in various ways. Although fibrocytes have been found in myxomatous human heart valves (which have an abnormal connective tissue composition) 79 , they have yet to be identified in the normal human myocardium. However, murine modelling indicates that fibrocytes might contribute to the pathogenesis of ischaemic cardiomyopathy. In this model, fibrocytes are recruited to chronically injured myocardium, where they constitute up to 3% of the total number of heart cells. Treatment of these animals with SAP decreases fibrocyte accumulation and fibrosis in an FcγR-dependent manner 80 that involves ROCK1 (REF. 34 ). In all of these studies, the functions attributed to fibrocytes involve ECM production, although it is possible that other activities that are more typically associated with both macrophages and fibroblastssuch as cytokine production, immune cell activation and angiogenesis -are equally important. When viewed in light of the atherosclerosis data described above, these data indicate that fibrocytes might have a protective or reparative effect in the setting of uncontrolled or persistent in vivo T H 1 cell cytokine exposure, whereas in response to persistent T H 2 cell cytokine exposure (as occurs in the remodelled heart) this phenotype becomes profibrotic.
Asthma. Asthma is a T H 2 cell-driven disease characterized by reversible airway obstruction in response to inhaled allergens. A subgroup of patients with asthma have continual lung inflammation and remodelling, which causes persistent airway obstruction. In this setting, subepithelial fibrosis and airway obstruction result from the accumulation of highly proliferative activated myofibroblasts in response to allergen sensitization 81 , innate immune stimulation 82 and pro-angiogenic states (such as VEGF overexpression 83 and exposure to chitinase-3-like protein 1 (REF. 50)). By contrast, macrophage function has generally been considered to reflect rather than initiate remodelling responses in the asthmatic lung. However, recent data indicate that alternatively activated macrophages promote the fibroblast to myofibroblast transition and, subsequently, airway remodelling in a mouse model of Using autoimmunity as a model, the possible roles of fibrocytes are proposed. In the setting of autoantigen exposure or acute injury, or following stimulation by interleukin-1β (IL-1β), serum factors and innate immune stimuli, fibrocytes adopt a pro-inflammatory phenotype characterized by the secretion of interferon-γ (IFNγ), IL-6, IL-8, CC-chemokine ligand 3 (CCL3) and CCL4. Leukocyte trafficking is enhanced through expression of intercellular adhesion molecule 1 (ICAM1). Production of extracellular matrix (ECM) components is decreased and antigen-presenting capabilities are increased by the expression of CD80, CD86 and MHC class I and II molecules. Tissue destruction may be increased by expression of matrix metalloproteinases (MMPs). As the local milieu begins to favour repair and remodelling (or perhaps concurrently with ongoing injury in the right biological context), fibrocytes adopt a more reparative phenotype. In this setting, transforming growth factor-β1 (TGFβ1) stimulates fibrocyte development through non-canonical pathways mediated by semaphorin 7A (SEMA7A) and β1 integrin, although other TGFβ1-mediated signalling pathways may also be involved. SEMA7A could activate monocytes and dendritic cells (DCs) while dampening T cell responses. ECM production is also stimulated by T helper 2 (T H 2) cell cytokines (such as IL-4 and IL-13), as well as by exposure to apoptotic cells and cellular debris. Myofibroblast transformation is promoted by TGFβ1. Platelet-derived growth factor-α (PDGFα), IL-10, vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF) and basic fibroblast growth factor (bFGF) support neoangiogenesis, and recruitment to sites of injury is promoted by the expression of chemokine receptors such as CXC-chemokine receptor 4 (CXCR4). αSMA, α-smooth muscle actin; CXCL, CXC-chemokine ligand; ERK, extracellular signal-regulated kinase; TLR, Toll-like receptor. asthma 84 and that modulation of this phenotype can decrease disease 85 . Furthermore, the finding that chitinase-3-like protein 1, a major product of alternatively activated macrophages, affects allergic inflammation and disease phenotype in murine models of asthma 49 supports the contention that alternatively activated macrophages might have a more important role in asthma than previously thought.
Compelling evidence of a role for fibrocytes in asthma was provided by a study in which bronchoscopic lung biopsies obtained from patients with asthma after allergen inhalation showed localization of fibrocytes in the airway submucosa 23 . Furthermore, murine studies of asthma using the ovalbumin model have found that after allergen inhalation fibrocytes localize to the airway mucosa, where they acquire a myofibroblast phenotype 23 . The numbers of circulating fibrocytes in patients with asthma are increased only in those individuals with chronic airway obstruction (as compared with mild asthmatics and normal controls) 8, 86 , and cultured fibrocytes from these patients show a TGFβ1-dependent increase in proliferation and the production of αSMA. Although the largest numbers of fibrocytes were observed in patients with severe airway remodelling, fibrocytes were also found in the lungs of patients with mild asthma, indicating that they might have an important role in inflammatory progression 86 . In all of these studies, the primary focus has been on the contribution of fibrocytes to the tissue content of myofibroblasts. The paucity of data regarding the immunological function(s) of fibrocytes in asthma prevents a full comparison of fibrocytes and macrophages in this setting. Given the roles of fibrocytes in antigen presentation, cytokine production, angiogenesis and chitinase production, all of which are important components of the asthmatic response, it is likely that fibrocytes participate in these processes to promote ongoing airway inflammation.
Conclusions and perspectives
The association of fibrocytes with heterogeneous chronic inflammatory conditions indicates that they have a role extending far beyond ECM production. As shown in FIG. 4 , a paradigm is thus suggested in which fibrocytes recruited early during an inflammatory response have a proinflammatory phenotype that is induced by innate immune signals and augmented by IL-1. During this state, the overall effector profile of fibrocytes might more closely resemble that of macrophages than that of fibroblasts. Later, as inflammation regresses and repair and remodelling begin, a programme of matrix production and in some circumstances myofibroblast transformation by fibrocytes ensues. This model contrasts with the restricted differentiation of macrophages and fibroblasts and is consistent with the recruitment of fibrocytes under different pathological conditions. Although it is plausible that fibrocytes function alone to promote the pathologies seen in many forms of chronic inflammation, data supporting this claim are currently lacking and it is more likely that macrophages, fibroblasts and fibrocytes orchestrate repair and remodelling together. The dearth of functional information limiting our ability to draw conclusions about the role of fibrocytes in these disorders represents the great opportunities that exist for further study of these novel cells
